Figure 1. Deduced Protein Sequence of the V2Rs
(A) Comparison of the cysteine-rich and transmembrane domains of the initial cDNA clone (V2R1-1) and other members of four subfamilies of V2Rs including full-length mouse homologs (mV2R 1 and mV2R2). Identical and conserved residues are indicated by shading. The seven putative transmembrane helices are indicated by black bars above the sequence; extracellular cysteine residues that are also present in mGluRs are marked (*). (B) Comparison of the CaSR with mV2R 1 and mV2R2; transmembrane helices and conserved cysteines are indicated as in (A), and exon-intron boundaries that we have characterized in mV2R 1 are marked ($). Similarity of predicted peptides
The predicted peptides for the V2Rs shown in Figure 1 were compared with each other (lower left half). The cDNAs encoding these predicted peptides were also compared (upper right half). For the comparison of the mV2Rs (a), the N-terminal extracellular domain and (b) the transmembrane domain were also compared individually.
at moderate stringency with V2R 1-1 led to the isolation related receptors in other tissues cannot be excluded of 34 cDNA clones, encoding 25 different receptors reentirely as computer-aided search of the expressedlated to but distinct from V2R 1-1 . Sequence analysis indisequence tag database identified two isolates of a sincated that these could be grouped into a smaller number gle cDNA clone (accession numbers AA170592 and of subfamilies of closely related receptors. Members of AA170693) from mouse spleen that appears to be a a subfamily share ‫%09ف‬ sequence identity at both the V2R. However, both in situ hybridization and RT-PCR DNA and protein level (Table 1) . However, the different indicated that V2Rs are not generally expressed in the subfamilies that we have identified so far have as little spleen (data not shown). as 50% DNA sequence identity with each other, and are equally divergent from each other as they are from the Individual V2Rs Are Expressed in Subpopulations CaSR (Table 1) .
of VNO Neurons Even though V2R 1-1 was isolated by homology screenIn rats and mice, the VNO is a closed tubular structure ing using an olfactory receptor-based probe, V2Rs have running in an anterior-posterior direction at the base of no significant sequence identity to known olfactory rethe nasal septum. In cross section, the concave neuroceptors or the V1Rs. Full-length clones of mouse homosensory epithelium lines the ventromedial side of the logs of V2R 1 and V2R 2 were isolated using genomic seorgan (see Figure 3C ). In situ hybridization experiments quence analysis to generate primers for 5Ј-RACE and were performed with digoxigenin-labeled antisense 3Ј-RACE. Expression of the mouse V2Rs was confirmed cRNA probes for 11 different V2Rs, including members by reverse transcription-polymerase chain reaction of each of the four subfamilies. We also used a V1R and (RT-PCR) using primers outside the coding sequences.
G-protein subunits as controls. High stringency condiThe full-length PCR products were subcloned and setions were used to ensure that probes detected only quenced ( Figure 1B ). Unlike G protein-coupled recepvery closely related transcripts. The cDNAs that we used tors related to rhodopsin, the CaSR has a signal peptide to generate probes for the V2R 2, V2R3, and V2R4 subfamfollowed by a long extracellular N terminus that precede ily members contained extensive 3Ј-nontranslated sethe seven trans-membrane helices and a long intracelluquence that was divergent even between members of lar C-terminal domain (Brown et al., 1993) . V2Rs have one subfamily, further adding to the specificity of hybridsignal peptides and sequence similarity to the CaSR ization. However, at least in some cases, it is likely that throughout the extracellular and membrane-spanning probes recognized more than one member of a subdomains but, like several of the mGluRs (Nakanishi, family. 1992) , have short C termini. Extracellular cysteine resiThe sensory neurons in the VNO all contain the dues conserved between the CaSR and the mGluRs are G-protein subunit G␥ 8 ( Figure 3C ). In situ hybridization of also found in the V2Rs (Figure 1 ). Interestingly, in the G␣ i2 and G␣ o probes ( Figures 3A and 3B ) define distinct N-terminal extracellular region, these V2Rs appear to subpopulations of the sensory receptor neurons as has be more divergent from each other than their transmembeen reported previously (Halpern et al., 1995 ; Berghard brane domain (Figure 1 , Table 1 ).
and Buck, 1996; Jia and Halpern, 1996) . The G␣ i2 and G␣o-containing neurons are located in the apical and V2Rs Are Specifically Expressed in the VNO basal halves of the receptor cell layer, respectively. The To determine the tissue distribution of V2Rs, we perneurons expressing these G proteins are distributed in formed Northern analysis using members of the four broad and essentially continuous layers. In contrast, a V2R subfamilies. V2Rs hybridized to mRNA from the V1R probe hybridized with a scattered population of a VNO but not to mRNA from the olfactory epithelium or few individual neurons that overlap the layer of G␣ i2 any other tissue examined (Figure 2 ). In situ hybridizaexpression ( Figure 3D ); this distribution is typical of V1Rs tions to tissues other than the VNO including the olfac- (Dulac and Axel, 1995) . Under the same conditions, a tory epithelium, olfactory bulb, regions of the brain, the V2R 1-1 probe also hybridized with a small subpopulation parathyroid, and several major organs were also negative (data not shown). Low level expression of some of the VNO sensory neurons ( Figures 3E and 3F ). The 1) cortex; 2) subcortical region; 3) cerebellum and pons; 4) olfactory bulb; 5) olfactory epithelium; 6) VNO; 7) testes; 8) liver; 9) lungs; 10) heart; and 11) kidney. A mix of V2R 1-4 probes were hybridized and washed at low stringency; rescreening of the blot with a GAPDH probe indicated equal amounts of RNA were loaded in each lane.
cell bodies of the sensory neurons that contained V2R 1-1 similar distributions of VNO neurons, we performed in situ hybridization under reduced stringency conditions were primarily basal to those expressing V1R 4 , suggesting that like the G-protein subunits, the two receptor with the V2R 4 probe ( Figure 4C ). Hybridization was to an almost continuous narrow layer at the base of the families define layers in the VNO. Sense probes to the receptors did not hybridize (data not shown). No differepithelium. Both strongly staining cells, expressing V2R 4 , and more weakly staining cells, expressing V2R 4 ences in the pattern of hybridization were observed for any V2R between male and female animals (see Figures homologs, were detected. Other V2R subfamilies, for example V2R 3 ( Figure 4D ), were also expressed within 3E and 3F).
A predominantly basal localization of the cell bodies the basal half of the sensory cell layer, but the distribution of neurons expressing these receptors was less of neurons expressing a number of different V2Rs was observed ( Figure 4 ). However, interestingly, by examinconstrained. Finally, the V2R1 subfamily was expressed in neurons in a broader layer that extended into more ing several V2Rs, we found additional laminar organization in their expression pattern ( Figure 4 ). For instance, apical regions of the VNO ( Figures 3E, 3F , and 4E). Similar morphological distributions of V2R expression were V2R4 expression was tightly restricted to a narrow laminar at the very base of the epithelium ( Figure 4A ). Anobserved in Ͼ10 adult rats (both male and female) and along the entire length of the VNO. other V2R 4 subfamily member probe derived exclusively from the 3Ј-nontranslated region, and with no cross hyEach of the individual V2R probes hybridized to between 0.5% and 3% of the receptor cells at high strinbridization to V2R 4 under high stringency conditions, showed a very similar pattern of hybridization ( hybridized with a larger number of neurons than was restricted to the basal half of the sensory cell layer of the VNO (Figure 6 ). Moreover, the pattern of expression detected by any single probe ( Figure 4F ). The number of neurons detected by combined probes to four V2R of mouse V2R subfamilies also paralleled the pattern observed for rat. The expression of V2R 1 -subfamily subfamilies was reproducibly the approximate sum of the neurons detected by the individual probes, as is members includes cells that are more apical than those expressing V2R 3 and V2R 4 ( Figure 6 ). Thus, it appears expected if the different receptor subfamilies are expressed in nonoverlapping populations of neurons.
that several signaling molecules are expressed in stereotyped layers in the rodent VNO. These include The apical distribution of neurons expressing V1Rs and the more basal distribution of V2Rs in the VNO are G-protein subunits (Halpern et al., 1995; Berghard and Buck, 1996; Jia and Halpern, 1996) , V1Rs (Dulac and suggestive of their coupling to distinct G proteins ( Figure  3) . However, the hybridization pattern of V2R1-1, V2R1, Axel, 1995) , and a number of V2R subfamilies. and mixed V2Rs ( Figures 3E, 3F , 4E, and 4F) indicated that some neurons expressing this class of receptors Discussion might be located within the apical G␣i2 layer of the VNO. To examine this in more detail, digoxigenin-labeled V2R
We have identified a novel multigene family of seventransmembrane domain receptors that is likely to mediprobes were mixed with a fluorescein-labeled G␣ i2 probe. After sequential detection of hybridized probes ate pheromone responses in rats and mice. These receptors have diverse sequences and are related to the using different substrates for alkaline phosphatase, we observed dark staining of V2R-expressing neurons to-G protein-linked extracellular CaSR (Brown et al., 1993) and mGluRs (Nakanishi, 1992) . Subfamilies of receptors gether with pink staining of the whole G␣ i2 -positive region ( Figure 5 ). Several V2Rs including V2R 3 and V2R 4 are expressed at high levels in distinct subpopulations of VNO sensory neurons but are not expressed in the were only expressed in cells outside the G␣ i2 -positive region ( Figures 5A, 5B, 5D , and 5E). However, some olfactory epithelium or any other neural or non-neural tissues that we have examined. These are properties V2R1-expressing neurons were surrounded by cells expressing G␣i2 while others were outside the G␣i2-positive that are expected for pheromone receptors, but as with the olfactory receptors (Buck and Axel, 1991) and the region ( Figures 5C and 5F ). This distribution strongly suggests that at least some neurons expressing V2Rs first family of putative pheromone receptors (Dulac and Axel, 1995) , conclusive proof of their function will require also express high levels of G␣i2; however, conclusive proof will require other experimental approaches.
demonstration that specific pheromones bind to individual receptors and that this results in a neural response. The V2R family of receptors is the third large gene The Pattern of V2R-Subtype Expression Is Similar in Rats and Mice family that is likely to encode chemoreceptors in mammals. Like the V1Rs (Dulac and Axel, 1995) and the Sequence analysis indicates that very similar subfamilies of V2Rs are expressed in rats and mice (Figure 1) . olfactory receptors (Buck and Axel, 1991), the V2Rs are predicted to contain a seven-helix transmembrane doThe pattern of V2R expression is also similar in these two species: in mice as well as rats, V2Rs are generally main; other than that, these three families of receptors share no significant homology. Similarly, the V2Rs have codons. We have subsequently isolated full-length clones of two divergent subclasses of V2R (Figure 1 ). no significant homology to the large family of receptors
In situ hybridization results are also consistent with expressed in subsets of olfactory neurons in the nemaexpression of multiple different V2Rs in the VNO. Each tode, Caenorhabditis elegans (Troemel et al., 1995) . The individual V2R hybridized to only 0.5%-3% of the senstructural diversity of chemoreceptors is therefore sursory neurons. Even though high stringency conditions prisingly large, particularly as all four classes, though were used with probes that were extensively or exclupredicted to be G-protein linked, fall into completely sively made up of the 3Ј-nontranslated region, it is likely different classes of receptors that are essentially unthat some probes detected several closely related subrelated in sequence. Moreover, it is surprising that family members. Thus, the number of neurons expresswhereas the sense of smell appears to be mediated ing any particular receptor may be even lower. If VNO almost exclusively by a single very large family of olfacneurons in the basal half of the sensory cell layer all tory receptors, two smaller families of receptors are express a single V2R gene, many different genes would expressed in the VNO and presumably mediate pheroneed to be expressed. mone responses.
Unlike the olfactory receptors and the V1Rs, the codThere is good evidence that ligand binding to the ing sequences for V2Rs contain introns ( Figure 1B ). CaSR (Brown et al., 1993) and mGluRs (Nakanishi, 1992) Therefore, to examine genomic diversity of V2Rs, we is a function of the N-terminal extracellular domain. screened well-characterized rat and mouse genomic liTherefore, it is likely that this region of the V2Rs also braries with single exon probes. We have cloned several participates in ligand binding. This may explain the high genes from these genomic libraries including G␥8 (Ryba degree of protein sequence conservation within parts and Tirindelli, 1995), olfactory marker protein (Rogers et of the transmembrane region of these receptors (for al., 1987) , odorant binding protein (Pevsner et al., 1988) , example, helices VI and VII, Figure 1B ) relative to olfacolfactory receptors (Buck and Axel, 1991) , and Olf-1 tory receptors or the V1Rs, where this region of the (Wang and Reed, 1993) . Positive clones detected by protein is the highly variable (Buck and Axel, 1991; Ngai single exon probes to single copy genes are present in et Dulac and Axel, 1995) .
both the rat and mouse library at frequencies between 1:150,000 and 1:200,000, while multigene family probes Size of the V2R Gene Family detect proportionally higher numbers of positive clones. The question of exactly how many V2Rs are expressed Single exon probes for the cysteine-rich region (Figure in the VNO remains to be determined. However, we have 1B) of two different V2R-extracellular domains identify several lines of evidence that indicate considerable di-40-60 times the number of clones detected for single versity. Sequence analysis of the 34 clones obtained by copy genes. So far, all seven genomic clones that have screening of a rat VNO cDNA library demonstrated 25 been isolated and partially sequenced are distinct V2R distinct sequences. Although none of these was a fullgenes and are from the same subfamily as the probe length clone, raising the possibility that some might be that was used. The transmembrane region of V2Rs detects even larger numbers of positive clones (up to 200 expressed pseudogenes, none contained internal stop times that detected by single copy exons). These clones neurons than V2R 4 . In other respects, the cells that expressed V2R 4 appeared to be similar to VNO neurons have been less extensively characterized, but the two throughout the G␣ o layer. Morphologically, they apthat have been sequenced encode V2Rs. Caution should peared normal, and they appeared to be located within be applied in making a direct estimate of the number of the neural cell layer expressing G␣ o , G␥ 8 (Figure 3) , and V2Rs that are expressed based on the genomic diversity olfactory marker protein (data not shown). The layers of that we have observed. Many of the genomic clones V2R expression are not as well defined as the zones of may be pseudogenes as is the case for other duplicated receptor expression in the olfactory epithelium (Ressler gene families. For example, several olfactory receptoret al., 1993; Vassar et al., 1993) : the layers appear to related genomic sequences have been reported to be overlap with each other, and there often appears to be pseudogenes (Glusman et al., 1996) . Therefore, we canan outlying cell or two. However, similar distributions not make an absolute estimate of the number of V2Rs.
were consistently observed in many sections from Ͼ10 However, all of our data are consistent with between 30 different animals. Indeed, the expression patterns of and 100 V2Rs being expressed in the rodent VNO and homologous receptors appear to be conserved between indicate that the V2R family may be similar in size to the rats and mice. VNO neurons are generated throughout V1R family (Dulac and Axel, 1995) .
life by division of precursor cells located at the boundary of the sensory and nonsensory epithelia (Barber and Laminar Distribution of Receptors Raisman, 1974 Raisman, , 1978 and migrate into stratified layers and G Proteins in the VNO on the concave, sensory side of the VNO. The stereoThe patterns of cells expressing V1Rs suggested that typed distributions of receptors and G-protein ␣ subthere may be a laminar organization in the VNO (Dulac units imply that there must be some linkage between and Axel, 1995) . Studies of the distribution of G␣ i2 and gene expression and the processes that guide migration G␣ o confirm this (Halpern et al., 1995; Berghard and of the neural cell body. The laminar organization of these Buck, 1996; Jia and Halpern, 1996) and suggest that components suggests that there may be radial gradients expression of V1Rs may be restricted to the region of of guidance cues. It will be interesting to determine the the epithelium where G␣ i2 is highly expressed. Again, nature of these cues and to examine the link between the primarily basal distribution of cells expressing V2Rs them and gene expression in the VNO. reinforces this laminar organization of the VNO. In conNeurons in the main olfactory epithelium that express trast, in the olfactory epithelium, little laminar organizaparticular olfactory receptors project to discrete and tion has been observed in the sensory cell layer, and the fixed locations in the olfactory bulb (Ressler et al., 1994 ; laminar organization that exists reflects developmental Vassar et al., 1994; Mombaerts et al., 1996) . This sugstate (Verhagen et al., 1989; Walton et al., 1993 ; Ryba gests a mechanism whereby distinct odors may produce and Tirindelli, 1995). However, since at least some V2R-distinct patterns of neural activity in the olfactory bulb. expressing neurons are located within the layer of neuRecently, odor-specific patterns have been measured rons that also express high levels of G␣ i2 , it may be too in zebrafish and bees (Friedrich and Korsching, 1997; simple to conclude that V1Rs activate G␣ i2 and V2Rs
Joerges et al., 1997). Even though insects do not appear activate G␣ o. It is also important to stress that the laminar to express olfactory receptors related to those found in organization observed in the VNO is unlikely to represent
vertebrates, it appears that neurons with similar specidifferences in developmental state. Generation of new ficity converge to allow odor recognition. It is tempting to VNO neurons in mice occurs at the boundary between speculate that similar focusing of vomeronasal neurons the sensory and nonsensory epithelium rather than in expressing particular receptors may occur. Moreover, the basal layer as is the case for the main olfactory VNO neurons that express G␣ i2 project to anterior reepithelium (Barber and Raisman, 1978) .
gions, and those expressing G␣ o project to posterior The expression patterns of the V2Rs that we have regions of the accessory olfactory bulb (Shinohara et studied appear similar but distinct: that of V2R 1 overlaps al., 1992; Halpern et al., 1995; Jia and Halpern, 1996) . both the G␣ i2 and G␣ o layers of the epithelium while cells Therefore, it may be that similar mechanisms control expressing V2R 3 and V2R 4 do not. Moreover, V2R 3 was axon guidance to appropriate sites in the accessory olfactory bulb and cell body migration in the VNO. Our expressed in a broader and less basal population of Barber, P.C., and Raisman, G. (1978) . Replacement of receptor neudemonstration of a novel family of putative pheromone rones after section of the vomeronasal nerves in the adult mouse.
receptors combined with the cloning of V1Rs (Dulac Brain. Res. 147, [297] [298] [299] [300] [301] [302] [303] [304] [305] [306] [307] [308] [309] [310] [311] [312] [313] and Axel, 1995) sets the stage for investigation of how Berghard, A., and Buck, L. (1996) . Sensory transduction in vomeroneuronal localization and targeting are coordinated with nasal neurons: evidence for G␣ o , G␣ i , and adenylyl cyclase II as gene expression in the VNO. major components of a pheromone signaling cascade. J. Neurosci. 16, 909-918. Berghard, A., Buck, L.B., and Liman, E.R. (1996) . Evidence for disExperimental Procedures tinct signaling mechanisms in two mammalian olfactory sense organs. Proc. Natl. Acad. Sci. USA 93, 2365-2369.
Cloning of V2Rs
A rat vomeronasal cDNA library in ZAPII was screened at low Brown, E.M., Gamba, G., Riccardi, D., Lombardi, M., Butters, R., density (5 ϫ 10 3 plaques) and low stringency (hybridization: 6 ϫ Kifor, O., Sun, A., Hediger, M.A., Lytton, J., and Hebert, S.C. (1993) . SSC at 60ЊC; washes at 0.2 ϫ SSC at 25ЊC) with a PCR-derived Cloning and characterization of an extracellular Ca 2ϩ -sensing recepprobe designed to be a degenerate mix of sequences encoding tor from bovine parathyroid. Nature 366, 575-580. olfactory receptors. The probe was prepared by PCR amplification Brunet, L.J., Gold, G.H., and Ngai, J. (1996) . General anosmia caused with primers to conserved regions at the end of helix III and within by a targeted disruption of the mouse olfactory cyclic nucleotidehelix VI: ATGGCITAYGAYCGCTATG and GTGRGWGSCRCAIGTWG gated cation channel. Neuron 17, 681-693. TWA by amplification of cDNA from olfactory epithelium. Four Buck, L.B. (1996) . Information coding in the vertebrate olfactory weakly hybridizing plaques were isolated, and the cDNAs were sesystem. Annu. Rev. Neurosci. 19, 517-544. quenced. One of these had similarity to the CaSR and was used as Buck, L.B., and Axel, R. (1991) . A novel multigene family may encode a probe for isolation of other V2Rs from the same library. The PCR odorant receptors: a molecular basis for odor recognition. Cell 65, probe was highly degenerate and essentially uncharacterized. How-175-187. ever, the reason for its weak hybridization to V2R1-1 is not immediChess, A., Simon, I., Cedar, H., and . Allelic inactivation ately apparent as known olfactory receptors share little identity with regulates olfactory receptor gene expression. Cell 78, 823-834. V2Rs. The 5Ј and 3Ј-ends of mV2R 1 and mV2R2 were identified by Marathon-RACE (Clontech) using primers derived from mouse genoClancy, A.N., Coquelin, A., Macrides, F., Gorski, R.A., and Nobel, E.P. mic sequence. Full-length mV2Rs were isolated by RT-PCR using (1984) . Sexual behavior and aggression in male mice: involvement of specific primers; the sequences of these clones are shown in Figthe (1997) . Combinatorial and vectors (Stratagene) were screened at moderate density ‫000,21ف(‬ chemotropic odorant coding in the zebrafish olfactory bulb visualplaques/14 cm plate). Hybridization was in 6 ϫ SSC at 65ЊC; washes ized by optical imaging. Neuron 18, 737-752. were in 0.1 ϫ SSC at 50ЊC. For Northern analysis, A ϩ -RNA was Glusman, G., Clifton, S., Roe, B., and Lancet, D. (1996) . Sequence isolated from a variety of tissues and brain areas; 2 g aliquots were analysis in the olfactory receptor gene cluster on human chromofractionated on 0.9% agarose gels containing formaldehyde and some 17: recombinatorial events affecting receptor diversity. Genotransferred to nylon. Hybridization with cDNA probes was in 0.5 M mics 37, 147-160. phosphate (pH 7) at 65ЊC; washes were as above. Coronal sections Halpern, M. (1987) . The organization and function of the vomeronaof fresh-frozen VNO were attached to silanized slides (Digene); secsal system. Annu. Rev. Neurosci. 10, 325-362. tions were prepared for hybridization by standard methods (Schaeren-Wiemers and Gerlin-Moser, 1993) . In situ hybridization Halpern, M., Shapiro, L.S., and Jia, C. (1995) . Differential localization was carried out with digoxigenin and fluorescein-labeled cRNA of G proteins in the opossum vomeronasal system. Brain Res. 677, probes synthesized and detected with alkaline-phosphatase-conju-157-161. gated antibody following protocols from Boehringer Mannheim and Jia, C., and Halpern, M. (1996) . Subclasses of vomeronasal neurons: Amersham. In double-labeling experiments, alkaline phosphatase differential expression of G proteins (Gi ␣2 and Go ␣ ) and segregated was inactivated by incubation at pH 2 prior to incubation with the projections to the accessory olfactory bulb. Brain Res. 719, 117-128. second antibody. Generally, high stringency in situ hybridization Joerges, J., Kü ttner, A., Galizia, C.G., and Menzel, R. (1997). Reprewas carried out (at 72ЊC in 5 ϫ SSC, 50% formamide); for some sentations of odours and odour mixtures visualized in the honeybee experiments, reduced stringency was used with hybridization at brain. Nature 387, 285-288. 62ЊC. Washing was at 72ЊC in 0.2 ϫ SSC in both cases.
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